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(S) Logical partitioning of a redundant array storage system. 

(57) A redundant array storage systenn that can be 
configured as a RAID 1, 3, 4, or 5 system, or any 
combination of these configurations. The inven- 
tion comprises a configuration data structure 
for addressing a redundant array storage sys- 
tem, and a method for configuring a redundant 
an-ay storage system during an initialization 
process. The redundant anray storage system 
comprises a set of physical storage units which 
are accessible in terms of blocks numbers. The 
physical storage units are each configured as 
one or more logical storage units. Each logical 
storage unit is addressed in terms of a channel 
number, storage unit number, starting block 
number, offset number, and number of blocks 
to be transfenred. Once logical storage units are 
defined logical volumes are defined as one or 
more logical storage units, each logical volume 
having a depth characteristic. After the logical 
volumes are defined, redundancy groups are 
defined as one or more logical volumes. A 
redundancy level is specified for each redun- 
dancy group. The redundancy level may be 
none, one, or two. Logical volumes are addres- 
sed by a host CPU by volume number, initial 
block number, and number of blocks to be 
transferred. The host CPU also specifies a 
READ or WRITE operation. The specified 
volume number, initial block number, and num- 
ber of blocks to be transfenred are then trans- 
lated into a corresponding channel number, 
storage unit number, starting block number, 
offset number, and number of blocks to be 
transferred. With the present invention, it is 
possible for a logical volume to span across 
physical storage units ("vertical partitioning"), 
comprise only a portion of each such physical 
storage unit ("horizontal partitioning"), and 
have definable depth and redundancy charac- 
teristics. 
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BACKGROUND OF THE INVENTION 

1 . Field of the invention 

This invention relates to connputer system data 
storage, and more partcularly to a redundant array 
storage system that can be configured as a RAID 1 , 
3, 4, or 5 system, or any combination of these configu- 
rations. 

2. Description of Related Art 

A typical data processing system generally invol- 
ves one or more storage units which are connected to 
a Central Processor Unit (CPU) either directly or 
through a control unit and a channel. The function of 
the storage units is to store data and programs which 
the CPU uses in performing particular data proces- 
sing tasks. 

Various type of storage units are used in current 
data processing systems. A typical system may 
include one or more large capacity tape units and/or 
disk drives (magnetic, optical, or semiconductor) con- 
nected to the system through respective control units 
for storing data.-- 

However, a problem exists if one of the large 
capacity storage units falls such that information con- 
tained in that unit is no longer available to the system. 
Generally, such a failure will shut down the entire 
computer system. 

The prior art has suggested several ways of sol- 
ving the problem of providing reliable data storage. In 
systems where records are relatively small, it is poss- 
ible to use error correcting codes which generate ECC 
syndrome bits that are appended to each data record 
within a storage unit. With such codes, it is possible 
to correct a small amount of data that may be read 
erroneously. However, such codes are generally not 
suitable for correcting or recreating long records 
which are in error, and provide no remedy at all if a 
complete storage unit fails. Therefore, a need exists 
for providing data reliability external to individual stor- 
age units. 

Other approaches to such "external" reliability 
have been described in the art. A research group at 
the University of California, Berkeley, in a paper enti- 
tled "A Case for Redundant Arrays of Inexpensive 
Disks (RAID)", Patterson, etaL, Proc. ACM SIGMOD, 
June 1988, has catalogued a number of different 
approaches for providing such reliability when using 
disk drives as storage units. Arrays of disk drives are 
characterized in one of five architectures, under the 
acronym "RAID" (for Redundant Arrays of inexpen- 
sive Disks). 

A RAID 1 architecture involves providing a dupli- 
cate set of "mirror" storage units and keeping a dup- 
licate copy of all data on each pair of storage units. 
While such a solution solves the reliability problem, it 




485 110 A2 2 

doubles the cost of storage. A number of implemen- 
tations of RAID 1 architectures have been made, in 
particular by Tandem Corporation. 

A RAID 2 architecture stores each bit of each 

5 word of data, plus Error Detection and Correction 
(EDC) bits for each word, on separate disk drives (this 
is also known as "bit stripping"). For example, U.S. 
Patent No, 4,722,085 to Flora et al. discloses a disk 
drive memory using a plurality of relatively small, inde- 

10 pendentiy operating disk subsystems to function as a 
targe, high capacity disk drive having an unusually 
high fault tolerance and a very high data transfer 
bandwidth. A data organizer adds 7 EDC bits (deter- 
mined using the well-known Hamming code) to each 

15 32-bit data word to provide error detection and error 
correction capability. The resultant 39-bit word is writ- 
ten, one bit per disk drive, on to 39 disk drives. If one 
of the 39 disk drives fails, the remaining 38 bits of 
each stored 39-bit word can be used to reconstruct 

20 each 32-beat data word on a word-by-word basis as 
each data word is read from the disk drives, thereby 
obtaining fault tolerance. 

An obvious drawback of such a system is the 
large number of disk drives required for a minimum 

25 system (since most large computers use a 32-bit 
word), and the relatively high ratio of drives required 
to store the EDC bits (7 drives out of 39). A further limi- 
tation of a RAID 2 disk drive memory system is that 
the individual disk actuators are operated in unison to 

30 write each data block, the bits of which are distributed 
over all of the disk drives. This arrangement has a 
high data transfer bandwidth, since each individual 
disk transfers part of a block of data, the net effect 
being that the entire block is available to the computer 

35 system much faster than if a single drive were acces- 
sing the block. This is advantageous for large data 
blocks. However, this arrangement also effectively 
provides only a single read/write head actuator for the 
entire storage unit. This adversely affects the random 

40 access performance of the drive array when data files 
are small, since only one data file at a time can acces- 
sed by the "single" actuator. Thus, RAID 2 systems 
are generally not considered to be suitable for com- 
puter systems designed for On-Line Transaction Pro- 

45 cessing (OLTP), such as in banking, financial, and 
resen/ation systems, where a large number of random 
accesses to many small data files comprises the bulk 
of data storage and transfer operations. 

A RAID 3 architecture is based on the concept 

50 that each disk drive storage unit has internal means 
for detecting a fault or data error. Therefore, it is not 
necessary to store extra information to detect the 
location of an error; a simpler form of parity-based 
error conrection can thus be used. In this approach, 

55 the contents of all storage units subject to failure are 
"Exclusive OR'd" (XOR'd) to generate parity infor- 
mation. The resulting parity information is stored in a 
single redundant storage unit. If a storage unit fails. 
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the data on that unit can be reconstructed on to a rep- 
lacennent storage unit by XOR*ing the data fronn the 
remaining storage units with the parity information. 
Such an arrangement has the advantage over the mir- 
rored disk RAID 1 architecture in that only one 5 
additional storage unit is required for "N" storage 
units. A further aspect of the RAID 3 architecture is 
that the disk drives are operated in a coupled manner, 
similar to a Raid 2 system, and a single disk drive is 
designated as the parity unit. io 

One implementation of a RAID 3 architecture is 
the Micropolis Corporation Parallel Drive Array, Model 
1 804 SCSI, that uses four parallel, synchronized disk 
drives and one redundant parity drive. The failure of 
one of the four data disk drives can be remedied by 15 
the use of the parity bits stored on the parity disk drive. 
Another example of a RAID 3 system is described in 
U.S. Patent No. 4,092,732 to Ouchi. 

A RAID 3 disk drive memory system has a much 
lower ratio of redundancy units to data units than a 20 
RAID 2 system. However, a RAID 3 system has the 
same performance limitation as a RAID 2 system, in 
that the individual disk actuators are coupled, operat- 
ing in unison. This adversely affects the random 
access performance of the drive array when data files 25 
are small, since only one data file at a time can be 
accessed by the "single" actuator. Thus, RAID 3 sys- 
tems are generally not considered to be suitable for 
computer systems designed for OLTP purposes. 

A RAID 4 architecture uses the same parity error 30 
correction concept of the RAID 3 architecture, but 
improves on the performance of a RAID 3 system with 
respect to random reading of small files by "uncoupl- 
ing" the operation of the individual disk drive 
actuators, and reading and writing a larger minimum 35 
amount of data (typically, a disk sector) to each disk 
(this is also known as block stripping). A further aspet 
of the RAID 4 architecture is that a single storage unit 
is designated as the parity unit. 

A limitation of a RAID 4 system is that Writing a 40 
data block on any of the independently operating data 
storage units also requires writing a new parity block 
on the parity unit. The parity information stored on the 
parity unit must be read and XOR'd with the old data 
(to "remove" the information content of the old data), 45 
and the resulting sum must then be XOR*d with the 
new data (to provide new parity information). Both the 
data and the parity records then must be rewritten to 
the disk drives. This process Is commonly referred to 
as a "Read-Modify-Write" sequence. 50 

Thus, a Read and a Write on the single parity unit 
occurs each time a record is changed on any of the 
data storage units covered by the parity record on the 
parity unit. The parity unit becomes a bottle-neck to 
data writing operations since the number of changes 55 
to records which can be made per unit of time is a 
function of the access rate of the parity unit, as 
opposed to the faster access rate provided by parallel 



operation of the multiple data storage units. Because 
of this limitation, a RAID 4 system is generally not con- 
sidered to be suitable for computer systems designed 
for OLTP purposes. Indeed, it appears that a RAID 4 
system has not been implemented for any commercial 
purpose. 

A RAID 5 architecture uses the same parity error 
correction concept of the RAID 4 architecture and 
independent actuators, but improves on the writing 
perfomnance of a RAID 4 system by distributing the 
data and parity information across all of the available 
disk drives. Typically, "N + 1" storage units in a set 
(also known as a "redundancy group") are divided into 
a plurality of equally sized address areas referred to 
as blocks. Each storage unit generally contains the 
same number of blocks. Blocks from each storage 
unit a redundancy group having the same unit 
address ranges are referred to as "stripes". Each 
stripe has N blocks of data, plus one parity block on 
one storage unit containing parity for the remainder of 
the stripe. Further stripes each have a parity block, 
the parity blocks being distributed on different storage 
units. Parity updating activity associated with every 
modification of data in a redundancy group is theref- 
ore distributed over the different storage units. No 
single unit is burdened with all of the parity update 
activity. 

For example, in a RAID 5 system comprising 5 
disk drives, the parity information for the stripe of 
blocks may be written to the fifth drive; the parity infor- 
mation for the second stripe of blocks may be written 
to the fourth drive; the parity information for the third 
stripe of blocks may be written to the third drive; etc. 
The parity block for succeeding stripes typically "pre- 
cesses" around the disk drives in a helical pattern 
(although other patterns may be used). 

Thus, no single disk drive is used for storing the 
parity information, and the bottle-neck of the RAID 4 
architecture is eliminated. An example of a RAID 5 
system is described in U.S. Patent No. 4,761,785 to 
Clark et aL 

As in a RAID 4 system, a limitation of a RAID 5 
system is that a change in a data block requires a 
Read-Modify-Write sequence comprising two Read 
and two Write operations: the old parity block and old 
data block must be read and XOR'd, and the resulting 
sum must then be XOR'd with the new data. Both the 
data and the parity blocks then must be rewritten to 
the disk drives. While the two Read operations may be 
done in parallel, as can the two Write operations, 
modification of a block of data in a RAID 4 or a RAID 
5 system still takes substantially longer then the same 
operation on a conventional disk. A conventional disk 
does not require the preliminary Read operation, and 
thus does have to wait for the disk drives to rotate 
back to the previous position in order to perform the 
Write operation. The rotational latency time alone can 
amount to about 50% of the time required for a typical 
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data modification operation. Further, two disk storage 
units are involved for the duration of each data modi- 
fication operation, limiting the throughput of the sys- 
tem as a whole. Despite the Write performance 
penalty, RAID 5 type systems have become increas- 5 
ingly popular, since they provide high data reliability 
with alow overhead cost for redundancy, good Read 
perfonmance, and fair Write performance. 

Although different RAID systems have been 
designed, to date, such systems are rather inflexible, io 
in that only one type of redundant configuration is 
implemented in each design. Thus, for example, 
redundant array storage systems have generally 
been designed to be only a RAID 3 or only a RAID 5 
system. When the principal use of a redundant array 15 
storage system is known in advance, such rigidity of 
design may not pose a problem. However, uses of a 
storage system can vary over time. Indeed, a user 
may have need for different types of RAID systems at 
the same time, but not have the resources to acquire 20 
multiple storage systems to meet those needs. As 
importantly, different users have different needs; desi- 
gning redundant array storage systems with different 
RAID configurations to meet such disparate needs is 
expensive. 25 

It thus would be highly desirable to have a flexible 
RAID-architecture storage system in which the basic 
redundancy configuration could be altered for each 
user, or as a user's needs change. It would also be 
desirable to have a flexible RAID-architecture storage 30 
system in which different types of redundancy con- 
figuration can be simultaneously implemented. 

The present invention provides such a system. 



SUMMARY OF THE INVENTION 
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The RAID architecture of the present invention is 
extremely flexible, and permits a redundant array stor- 
age system to be configured as a RAID 1, 3, 4, or 5 
system, or any combination of these configurations. 40 
The invention comprises a configuration data struc- 
ture for addressing a redundant array storage system, 
and a method for configuring a redundant array stor- 
age system during an initialization process. 

The redundant array storage system comprises a 45 
set of physical storage units which are accessible in 
terms of block numbers (a block comprises one or 
more sectors). As part of the initialization process, the 
physical storage units are each configured as one or 
more logical storage units. Each logical storage unit so 
is addressed in terms of a channel number, storage 
unit number, starting block number, and offset num- 
ber (the number of blocks to be transferred Is also 
specified when doing transfers). 

Once logical storage units are defined, logical 55 
volumes are defined as one or more logical storage 
units, each logical volume having a depth characteri- 
stic. 



After the logical volumes are defined, redundancy 
groups are defined as one or more logical volumes. In 
the present invention, a redundancy level is specified 
for each redundancy group. The redundancy level 
may be none, one (e.g., XOR parity or an error-cor- 
rection code, such as a Reed-Solomon code), or two 
(e.g., XOR parity plus a Reed-Solomon en^or-correc- 
tion code). 

Alternatively, redundancy groups are defined as 
one or more logical storage units, and logical volumes 
are defined as a member of a redundancy group. 

Logical volumes are addressed by a host CPU by 
volume number, initial block number, and number of 
blocks to be transferred. The host CPU also specifies 
a READ or WRITE operation. The specified volume 
number, inital block number, and number of blocks to 
be transferred are then translated into corresponding 
channel number, storage unit number, starting block 
number, offset number, and number of blocks to be 
transfenred. 

With the present invention, it is possible for a logi- 
cal volume to span across physical storage units 
("vertical partitioning"), comprise only a portion of 
each such physical storage unit ("horizontal partition- 
ing"), and have definable depth and redundancy 
charactheristics. 

The details of the preferred embodiment of the 
present invention are set forth in the accompanying 
drawings and the description beiow. Once the details 
of the invention are known, numerous additional inno- 
vations and changes will become obvious to one skil- 
led in the art. 

BRIEF DESCRIPTION OF THE DRAWNGS 

FIGURE 1 is block diagram of a generalized RAID 
system in accordance with the pesent invention. 

FIGURE 2A is a diagram of a model RAID system, 
showing a typical physical organization. 

FIGURE 2B is a diagram of a model RAID system, 
showing a logical organization of the physical array of 
FIGURE 2A, in which each physical storage unit is 
configured as two logical storage units. 

FIGURE 2C is a diagram of a model RAID sys- 
tem, showing a logical volume having a depth of one 
block. 

FIGURE 2D is a diagram of a model RAID sys- 
tem, showing a first logical volume having a depth of 
four blocks, and a second logical volume having a 
depth of one block. 

FIGURE 2E is a diagram of a model RAID system, 
showing a logical volume having a depth of one block, 
and one level of redundancy. 

FIGURE 2F is a diagram of model RAID system, 
showing a logical volume having a depth of one block, 
and two levels of redundancy. 

FIGURE 3A is a diagram of a first data structure 
defining a redundancy group in accordance with the 
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present invention. 

FIGURE 3B is a diagram of a second data struc- 
ture defining a pair of redundancy groups in accord- 
ance with the present invention. 

Like reference numbers and designations in the 
drawings refer to like elements. 

DETAILED DESCRIPTION OF THE INVENTION 

Throughout this description, the prefenred embo- 
diment and examples shown should be considered as 
exemplars, rather than limitations on the method of 
the present invention. 

The invention comprises a group of one or more 
physical storage units and a set of logical structures 
that are "mapped" onto the physical storage units to 
determine how the physical storage units are acces- 
sed by a host CPU. 

Physical Storage Units 

A typical physical storage unit, such as a mag- 
netic or optical disk drive, comprises a set of one or 
more rotating disks each having at least one 
read/write transducer head per surface. Data storage 
areas known as tracks are concentrically arranged on 
the disk surfaces. A disk storage unit may have, for 
example, 500 to 2000 tracks per disk surface. Each 
track is divided into numbered sectors that are com- 
monly 512 bytes in size. Sectors are the smallest unit 
of storage area that can be accessed by the storage 
unit (data bits within a sector may be individually 
altered, but only by reading an entire sector, modify- 
ing selected bits, and writing the entire sector back 
into place). A disk storage unit may have 8 to 50 sec- 
tors per track, and groups of tracks may have differing 
numbers of sectors per track on the same disk storage 
unit (e.g., smaller circumference inner tracks may 
have fewer sectors per track, while larger circumfer- 
ence outer tracks may have more sectors per track). 

Access to a sector ultimately requires identifi- 
cation of a sector by its axial displacement along the 
set of rotating disks, radial displacement on a disk, 
and circumferential displacement around a disk. Two 
common schemes are used for such identification. 
One scheme identifies a sector by a surface or head 
number (axial displacement), a track number (radial 
displacement), and a sector number (circumferential 
displacement). The second scheme treats all of the 
tracks with the same radius on all disks as a "cylinder", 
with tracks being subsets of a cylinder rather than of 
a surface. In this shceme, a sector is identifed by a 
cylinder number (radial displacement), a track num- 
ber (axial displacement), and a sector number (cir- 
cumferential displacement). The present invention 
can be implemented using either form of physical 
identification- 
It is possible for a higher level storage controller 



(or even the CPU) to keep track of the location of data 
on a storage unit by tracking all involved sectors. This 
is commonly done with magnetic disk drives following 
the well-known ST-506 interface standard used in 

5 personal computers. Storage units anddressed in this 
manner are known as sector-addressable. 

However, it is inconvenient in modem computer 
systems for a high-level storage controller to keep 
track of sector addresses by either of the addressing 

10 schemes described above. Therefore, in the prefen'ed 
embodiment of the invention, an alternative form of 
storage unit addressing is used that maps the sectors 
of a storage unit to a more tractable form. 

This mapping is accomplished by treating one or 

15 more sectors as a block, as is known in the art, and 
addressing each storage unit by block numbers. A 
block on the storage units used in the preferred embo- 
diment of the inventive system can vary from 512 
bytes up to 4096 bytes, but may be of any size 

20 (although commonly block sizes are limited to multi- 
ples of two bytes, for ease of implementation). The 
storage units being used must support the specified 
block size. In addition, such storage units mark defec- 
tive sectors in such a way that they are not used to 

25 form blocks. (Some storage units can alos dynami- 
cally "map out" defective blocks during operation in 
order to always present to external devices a set of 
contiguously numbered blocks). Each storage unit is 
then considered by a higher level controller to be a 

30 "perfect" physical device comprising a set of contigu- 
ously numbered logical blocks. Such units are known 
as block-addressable. 

For example, with storage units having a Small 
Computer System Interface ("SCSI"), each storage 

35 unit is considered to be a contiguous set of blocks. An 
access request to such a unit simply specifies the 
numbers of the blocks that are to be accessed. Alter- 
natively, the access request specifies the number of 
a starting block and the number of subsequent logi- 

40 cally contiguous blocks to be accessed. Thereafter, 
the SCSI controller for the unit transistes each block 
number either to a cylinder, track, and sector number 
format, or to a head, track, and sector number fomnat. 
However, this translation is transparent to the 

45 requesting device. 

It should be understood that the inventive concept 
can be applied to sector-addressable storage units. 
However, the preferred embodiment of the invention 
uses block-addressable storage units. The present 

50 invention then creates a first logical structure to map 
a plurality of such units to define a basic disk array 
architecture. 

The First Logical Level of Addressing the Array 

55 

FIGURE 1 is diagram of a generalized RAID sys- 
tem in accordance with the present invention. Shown 
are a CPU 1 coupled by a bus 2 to at least one array 

5 
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controller 3. The array controller 3 is coupled by I/O 
channels 4 (e.g., SCSI buses) to each of a plurality of 
storage units S0-S5 (six being shown by way of 
example only). Each I/O channel 4 Is capable of sup- 
porting a plurality of storage units, as indicated by the 5 
dotted lines in FIGURE 1. In some physical configu- 
rations, a second anray controller 3' (not shown) can 
be coupled to the I/O channels 4 in parallel with the 
anray controller 3, for added redundancy. The array 
controller 3 preferably includes a separately prog- io 
rammable, multi-tasking processor (for example, the 
MIPS R3000 RISC processor, made by MIPS Corpor- 
ation of Sunnyvale, California) which can act indepen- 
dently of the CPU 1 to control the storage units. 

FIGURE 2A shows a plurality of storage units SO- 15 
811 (twelve being shown by way of example only) 
each having (for example) eight logical blocks L0-L7. 
To be able to access individual blocks in this array 
structure, the present invention imposes a first level of 
logical configuration on the array by establishing a 20 
data structure that specifies where data resides on the 
physical storage units. As part of an initialization pro- 
cess executed in the controHer 3 or in the CPU 1, the 
physical storage units of the array described above 
are each configured as one or more Logical Storage 25 
Units. The data structure defines each Logical Stor- 
age Unit in the following terms: 

(1) Channel Number. In the example of FIGURE 
2A, the channels are buses (e.g., SCSI buses) 

that couple the physical storage units to the con- 30 
troNer 3. The channels correspond to the twelve 
storage units S0-S11, and are numbered 0-11. 

(2) Storage Unit Number. Each physical storage 
unit along a channel is numbered by position 
starting at 2 and ending at 7 in the illustrated 35 
embodiment Thus, each channel can handle up 

to six storage units (since the two controllers 3, 3' 
use two of the eight addresses available on a 
SCSI bus). However, this maximum number is 
based upon using the SCSI standard for the I/O 40 
channels 4 and having two anray controllers 3, 3'. 
Other configuration limits are applicable when 
using other I/O channel architectures. 

(3) Starting Block Number. This is the starting 
block number on the storage unit for each Logical 45 
Storage Unit. Normally, a physical storage unit 
starts numbering blocks at 0. However, since 
each physical storage unit can have multiple 
Logical Storage Units, setting the Starting Block 
Number for each Logical Storage Unit assures so 
that the address spaces for the Logical Storage 
Units do not overlap. 

4. Number of Blocks. This is the total number of 
blocks in a respective Logical Storage Unit. 
Blocks are numbered sequentially beginning at 55 
the Starting Block Number and continuing for the 
total Number of Blocks. 

In addition, the CPU 1 may select either controller 

6 



3, 3' to access a storage unit, so a Controller Number 
is also specified during processing. In the example of 
FIGURE 2A, the primary array controller 3 is number 
0, and the optional redundant array controller 3', if 
installed, is number 1 . If a storage system is designed 
to have only a single array controller, this number is 
unnecessary. In the preferred embodiment, the Con- 
troller Number is selected dynamically by the CPU 1. 

With this addressing hierarchy, a Logical Storage 
Unit cannot span physical storage units. However, 
one physical storage unit comprises at least one Logi- 
cal Storage Unit, and may comprise several Logical 
Storage Units. Using this data structure, a block within 
a Logical Storage Unit can be located by knowing only 
its offset from the Starting Block Number. 

As an example, FIGURE 2B shows the twelve 
physical storage units of FIGURE 2A defined as twen- 
ty-four Logical Storage Units. Each of the physical 
storage units S0-S1 1 are defined as two Logical Stor- 
age Units. The first Logical Storage Unit of each 
physical storage unit comprises blocks L0-L3, while 
the second Logical Storage Unit comprises blocks L4- 
L7. . 

As another example, a physical storage unit com- 
prising 20,000 blocks may be configured as two Logi- 
cal Units of 10,000 blocks each, or four Logical 
Storage Units of 5,000 blocks each, or one Logical 
Storage Unit of 10,000 blocks and two Logical Stor- 
age Units of 5,000 blocks. However, two physical stor- 
age units of 20,000 blocks each could not be 
configured as one Logical Storage Unit of 40,000 
blocks. 

Using only the first level of logical addressing, the 
controller 3 can access any block on any storage unit 
in the array shown in FIGURE 1. However, this format 
of addressing alone does not permit organizing the 
storage units into the flexible configuration RAID 
architecture of the present invention. A second level 
of logical addressing is required. This second logical 
level results in the CPU 1 addressing the array as 
Logical Volumes comprising a contiguous span of 
logical blocks in Logical Storage Units. Addressing of 
the array at the first logical level is completely handled 
by the controller 3, and is totally transparent to the 
CPU 1. 

The Second Logical Level of Addressing the Array 

In the second level of logical addressing, a Logi- 
cal Volume is defined as one or more Logical Storage 
Units. The number of Logical Storage Units in a Logi- 
cal Volume defines the width of striping to be used by 
the Logical Volume. Data blocks are always striped 
across a Logical Volume starting at the first Logical 
Storage Unit in the Logical Volume. All of the Logical 
Units in a Logical Volume are defined to have the 
same block size and capacity. 

In FIGURE 2C, the twelve physical storage units 
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of FIGURE 2A have been defined as twelve Logical 
Storage Units grouped into two Logical Volumes of six 
Logical Storage Units each (any other configuration 
conning within the above-described limitations could 
also be selected). The striping width of both Logical 5 
Volumes in this example is six. 

The striping order for a Logical Volume has an 
associated "depth". The depth defines how many data 
blocks are consecutively written to a single Logical 
Storage Unit before writing to the next Logical Storage io 
Unit in the Logical Volume. For example, in FIGURE 
2C, there are six Logical Storage Units S0-S5 in Logi- 
cal Volume #0. and the Logical Volume has a depth 
of one block. In terms of addressing requests from the 
CPU 1, logically block numbering of Logical Volume 15 
#0 begins with the first logical block 0 being block LO 
of Logical Storage Unit SO. The second logical block 
1 is block LO of Logical Storage Unit S1, and so on. 
Logical Volume #1 is shown as being defined with the 
same logical structure, but this is not necessary, as 20 
explained in greater detail below. 

FIGURE 2D shows another configuration 
example for Logical Volume #0, but with a depth of 
four blocks. The first four numbered logical blocks are 
consecutive blocks on Logical Storage Unit SO; the 25 
next four numbered logical blocks are consecutive 
blocks on Logical Storage Unit SI, and so on. When 
operating in an On-Line Transaction Processing 
(OLTP) RAID 4 or RAID 5 mode, there is a significant 
advantage to using a depth that matches the page 30 
size (if appropriate) of the CPU operating system. For 
example, if request from the CPU 1 are always on a 
four-block boudary and are made in multiples of four 
blocks, it is possible to have all six Logical Storage 
Units of Logical Volume #0 processing a separate 35 
request (assuming there are enough requests to have 
one available for each Logical Storage Unit). 

In constrast, in the configuration of Logical 
Volume #0 shown in FIGURE 2C, four Logical Stor- 
age Units would be involved when a four-block 40 
request was made. While the configuration of FIG- 
URE 2C would allow RAID 3-type parallelism, the 
head seek time and latency time for random access 
to four blocks would far outweigh the time required to 
transfer four blocks of data in the configuration of FIG- 45 
URE 2D (the time to transfer four blocks being only 
marginally greater than the time to transfer one block). 

The second level of logical addressing forms the 
framework that the CPU 1 uses to communicate with 
the storage array. Input/Output requests from the 50 
CPU 1 are made by specifying a Logical Volume, an 
initial logical block number, and the number of blocks. 
With this formation, the controller 3 accesses the data 
structure for the indicated Logical Volume and deter- 
mines which Logical Storage Unit(s) contains the 55 
requested data blocks. This is accomplished by com- 
paring the initial logical block number with the sizes 
(from the Number of Blocks parameter) of the Logical 



Storage Units comprising the Logical Volume. 

Thus, if a Logical Volume comprises 6 Logical 
Storage Units each 20,000 blocks in size, and the 
requested initial logical block number is for block 
63,000, that block will be one the fourth Logical Stor- 
age Unit, at an Offset Number of 3,000 blocks. After 
determining the proper Logical Storage Unit and the 
Offset Number, the request is mapped to a respective 
Channel Number, Storage Unit Number, and Starting 
Block Number. The request further includes the offset 
from the Starting Block Number, and the number of 
blocks to be transferred. In this example, the desired 
initial logical block number is at an Offset Number of 
3,000 blocks from the mapped Starting Block Number 
of the fourth Logical Storage Unit Such mapping is 
carried out in known fashion. 

With the present invention, it is possible to 
change the size of a Logical Volume without changing 
any applications. However, because the data is 
striped across the Logical Storage Units comprising a 
Logical Volume, it is necessary to "reformat" a Logical 
Volume after altering it (e.g., by adding or deleting 
physical storage units). Adding a physical storage unit 
is similar to replacing a smaller physical storage unit 
with a larger storage unit, except that the cost is incre- 
mental since the original physical storage units con- 
tinue to be used as a part of the "larger" storage unit. 

The present invention permits different Logical 
Volumes to have different depths. For example, in 
FIGURE 2D, the twelve physical storage units of FIG- 
URE 2A have been defined as twelve Logical Storage 
Units grouped into two Logical Volumes of six Logical 
Storage Units each. Logical Storage Units S0-S5 
comprise Logical Volume #0, the volume having a 
depth of four blocks, and Logical Storage Units S6- 
S11 comprise Logical Volume #1, the volume having 
a depth of one block. 

The performance of an array is determined by the 
way the Logical Volumes are configured. For high 
input/output bandwidth use, it is better to spread the 
Logical Storage Units across multiple controllers to 
optimize parallel transfers. For OLTP mode (i.e., 
RAID 4 or 5), the larger the number of Logical Storage 
Units in a Logical Volume, the greater the number of 
concunrent transactions that may be handled (up to 
the point that the CPU 1 reaches its processing 
capacity). From a performance standpoint in the 
OLTP mode, striping across multiple channels to dif- 
ferent physical storage units (each being accessible 
on independent I/O buses 4) is generally better than 
striping down a channel to additional physical storage 
units (where I/O requests for different physical stor- 
age units must share the same I/O bus 4). 

Once Logical Volumes are defined, Redundancy 
Groups comprising one or more Logical Volumes are 
defined- (Alternatively, Redundancy Groups are 
defined as one or more Logical Storage Units, and 
Logical Volumes are defined as a member of a 
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Redundancy Group. Either characterization results in 
the same basic data structure). A Logical Volume 
must be wholly contained in a Redundancy Group (if 
it is contained in any Redundancy Group). In the pre- 
ferred embodiment of the invention, up to two levels 
of redundancy are supported. Each redundancy level 
allows one Logical Storage Unit in a Redundancy 
Group to fail without any loss of user data. Thus, one 
level of redundancy (called P redundancy) will allow 
one Logical Storage Unit per Redundancy Group to 
fall without loss of data, while two levels of redun- 
dancy (the second level is called Q redundancy) will 
allow two Logical Storage Units per Redundancy 
Group to fail without loss of data. 

Each row of blocks In a Redundancy Group is cal- 
led a Redundancy Row. Redundancy blocks are gen- 
erated for the blocks in each Redundancy Row and 
stored in the respective Redundancy Row. Thus, 
each row will lose one or two blocks of data storage 
capacity (one for P and one for Q redundancy) due to 
the redundancy blocks. However, because the CPU 1 
only "sees" Logical Volumes comprising an appa- 
rently contiguous span of logical blocks, this loss is 
transparent to the CPU 1 (except for the loss in total 
capacity of the Logical Storage Units in the Redun- 
dancy Group and a loss in bandwidth). 

In the preferred embodiment, P redundancy 
blocks are computed by exclusive-OR'ing all data 
blocks in a Redundancy Row, in known fashion. In the 
preferred embodiment, Q redundancy blocks are 
computed by application of a Reed-Solomon encod- 
ing method to all data blocks in a Redundancy Row, 
in known fashion. However, other redundancy gener- 
ation techniques can be applied in place of the prefer- 
red XOR and Reed-Solomon techniques. The 
generation of P and Q redundancy and recreation of 
user data after a failure is described in detail in U.S. 
Patent Application Serial No. 270,713, filed 11/14/88, 
entitled "Arrayed Disk Drive System and Method" and 
commonly assigned with the present invention. 

Redundancy Groups are calculated on a block-by 
block basis. It is therefore possible to have multiple 
Logical Volumes having different depths but con- 
tained within the same Redundancy Group. Thus, for 
example, 6 Logical Storage Units of a 12-physical 
storage unit array can be defined as a Logical Volume 
with a RAID 3-like high bandwidth architecture (but 
with shared parity across the Redundancy Group) 
having a depth of four blocks, while the remaining 6 
Logical Storage Units can be set up as a Logical 
Volume with a RAID 5-like OLTP architecture having 
a depth of one block (see, for example, FIGURE 2D). 
A Write operation to Logical Volume #0 requires 
updating the associated parity block wherever that 
parity block resides in the Redundancy Group (i.e., in 
Logical Volume #0 or Logical Volume #1). Similarly, 
a Write operation to Logical Volume #1 requires an 
update to the corresponding parity block wherever it 



resides in the Redundancy Group. The difference in 
volume depths between the two Logical Volumes 
poses no problem because the parity blocks are 
updated on a block-by-block basis, and all volume 

5 depths are multiples of the block size. 

Redundancy blocks are evenly distributed 
throughout a Redundancy Group so that their posi- 
tions can be computed relative to the position of the 
data blocks requested by the CPU 1. Distributing the 

10 redundancy blocks also prevents the array from 
"serializing" on the Logical Storage Unit that contains 
the redundancy blocks when in the OLTP mode (i.e., 
distributed redundancy results in a RAID 5 architec- 
ture, while non-distributed redundancy results in a 

15 RAID 3 or 4 architecture). 

FIGURE 2E is a diagram of a model RAID system, 
showing a typical logical organization having a depth 
of one block, and one level of redundancy. Redun- 
dancy blocks are indicated by "P". FIGURE 2F is a 

20 diagram of a model RAID system, showing a typical 
logical organization having a depth of one block, and 
two levels of redundancy. Redundancy blocks are 
indicated ty "P" and "Q". Each Redundancy Group 
configured in a single array can have a different 

25 redundancy level, so the CPU 1 can vary the levels of 
redundancy for each Redundancy Group to suit 
reliability needs. Changing a Redundancy Group 
(adding or deleting Logical Volumes or changing the 
redundancy level), requires a "reformat" operation 

30 (which may be done dynamically, i.e., without halting 
normal access operations). 

It should be noted that the particular pattern of 
distributing redundancy blocks shown in FIGURES 
2E and 2F are exemplary only, and that other patterns 

35 of distribution are within the scope of this invention. 

Even when the depth of a Logical Volume is gre- 
ater than one, the generation of P and Q redundancy 
blocks is based on the blocks in the same row. When 
choosing the level of redundancy (0, 1, or 2). It is 

40 necessary to weigh the level of reliability necessary. 
It is also necessary to determine how much storage 
space to sacrifice. The larger the number of Logical 
Storage Units there are in a Redundancy Group, the 
smaller the amount of total capacity lost to redun- 

45 dancy blocks. But the larger the size of a Redundancy 
Group, the higher the likelihood of a storage unit fail- 
ure, and therefore the lower the reliability of the 
Redundancy Group. When correcting data due to 
storage unit failures, it is necessary to reread entire 

50 Redundancy Rows, so the larger the Redundancy 
Group, the slower the response to I/O requests to a 
Redundancy Group that has a storage unit failure. 
The larger the Redundancy Group, the better the 
overall perfomnance may be in an OLTP mode, simply 

55 because there are more transducer heads involved 
and a lower ratio of redundancy blocks to data blocks. 

FIGURE 3A is a representation of a data structure 
for the anray shown in FIGURE 2C, with a single 
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Redundancy Group (#0) defined as comprising two 
Logical Volumes (#0 and #1 ). Figure 3B is a represen- 
tation of data structure for the same array, but with two 
Redundancy Groups (#0 and #1) defined, respect- 
ively comprising Logical Volume #0 and Logical 5 
Volume #1. With this data structure, an I/O request 
from the CPU 1 is stated in terms of a Logical Volume, 
an initial logical block number, and the number of 
blocks. With this Information, the controller 3 acces- 
ses the data structure for the indicated Logical io 
Volume and determines which Logical Storage Unit(s) 
contains the requested data blocks. As noted above, 
this is accomplished by comparing the intial logical 
block number with the sizes (from the Number of 
Blocks parameter) of the Logical Storage Units com- is 
prising the Logical Volume. After determining the pro- 
per Logical Storage Unit and the Offset Number, the 
request is mapped to a respective Channel Number, 
Storage Unit Number, and Starting Block Number. 
The request further includes the offset from the Start- 20 
ing Block Number, and the number of blocks to be 
transfenred. These parameters permit the addressing 
of a physical storage unit to access the requested 
data blocks. 

25 

Summary 

In summary, a redundant array storage system 
comprising a set of block-addressable physical stor- 
age units is configured during an intitiafization pro- 30 
cess. Each physical storage unit is independently 
defined as comprising one or more Logical Storage 
Units addressable in terms of a Channel Number, 
Storage Unit Number, Starting Block Number, Offset 
Number, and number of blocks to be transferred. Logi- 35 
cal Volumes are then independently defined as one or 
more Logical Storage Units, each Logical Volume 
having an independently definable depth characteri- 
sistic. Redundancy Groups are then independently 
defined as one or more Logical Volumes, each 40 
Redundancy Group having an independently defin- 
able redundancy level. The redundancy level may be 
none, one (e.g., XOR parity or an enror-correction 
code, such as a Reed-Solomon code), or two e.g., 
XOR parity plus, for example, a Reed-Solomon error- 45 
correction code). (Alternatively, Redundancy Groups 
are defined as one or more Logical Storage Units, and 
Logical Volumes are defined as a member of a 
Redundancy Group). 

Logical Volumes are addressed by a host CPU 1 50 
by Volume Number, initial block number, and number 
of blocks to be transfenred. The CPU 1 also specifies 
a READ or WRITE operation. The CPU 1 sends the 
access request to a selected controller 3. 3', which 
then translates the specified Volume Number, initial 55 
block number, and number of blocks to be transfenred 
into a corresponding Channel Number, Storage Unit 
Number, Starting Block Number, Offset Number.and 



number of blocks to be transferred. 

using the logical organization and method of stor- 
age unit access of the present invention, different 
RAID architectures can be concurrently supported 
using the same physical storage units. Thus, for 
example, the 12 Logical Disks shown in FIGURE 2D 
can be configured into (1) a Logical Volume #0 with a 
width of 6 Logical Disks and depth of four blocks and 
operated in a RAID 3 mode (high I/O bandwidth), and 
(2) a Logical Volume #1, with a width of 6 Logical 
Disks and a depth of one block and operated in a 
RAID 5 mode (On-line Transaction Processing). 

The present invention is therefore extremely flexi- 
ble, and permits a redundant array storage system to 
be configured as a RAID 1 , 3, 4, or 5 system, or any 
combination of these configurations. In the present 
invention, it is thus possible for a Logical Volume to 
span across physical storage units ("vertical partition- 
ing"), comprise only a portion of each such physical 
storage unit ("horizontal partitioning"), and have defi- 
nable depth and redundancy characteristics. 

A number of embodiments of the present inven- 
tion have been described. Nevertheless, it will be 
understood that various modifications may be without 
departing from the spirit and scope of the invention. 
^ Accordingly, it is to be understood that the invention 
is not to be limited by the specific illustrated embodi- 
ment, but only by the scope of the appended claims. 

Claims 

1. A configurable redundant array storage system 
comprising a plurality of storage units for storing 
blocks of data, wherein such blocks are address- 
able by channel number, storage unit number, 
starting block number, and offset number. 

2. A configurable redundant array storage system 
comprising a plurality of storage units for storing 
blocks of data, at least one controller coupled to 
the storage units, and at least one central proces- 
sing unit coupled to the controller, wherein the 
central processing unit transmits a request to the 
controller for blocks stored in the plurality of stor- 
age units, such request addressing such blocks 
by volume number, initial block mumber, and 
number of blocks to be transferred, and the con- 
troller translates each request and addresses 
such blocks In the storage units by channel num- 
ber, storage unit number, starting block number, 
and offset nuniber. 

3. A configurable redundant array storage system 
comprising a pluralitly of storage units for storing 
blocks of data, wherein at least one storage unit 
is configured as at least one logical storage unit 
addressable by channel number, storage unit 
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number, starting block number, and offset num- storage unit number, starting block number, and 

ber. offset number. 



4. The system of claim 3, wherein at least one logi- 
cal storage unit is configured as a logical volume 5 
having a depth characterisitc. 

5. The system of claim 4, wherein at least one logi- 
cal volume is configured as a redundancy group. 

10 

6. The system of claim 5, wherein each redundancy 
group has at least one redundancy level. 

7. The system of claim 6, wherein each redundancy 
group has two redundancy levels. 15 

8. A configurable redundant array storage system 
for storing blocks of data, comprising at least one 
redundancy group for storing such blocks of data, 
each redundancy group comprising at least one 20 
logical volume, each logical volume comprising at 
least one logical storage unit addressable by 
channel number, storage unit number, starting 
block number, and offset number, each logical 
storage unit comprising part of a physical storage 25 
unit. 

9. A method for addressing a configurable redun- 
dant array storage system comprising a plurality 

of storage units for storing blocks of data, com- 30 
prising addressing such blocks by channel num- 
ber, storage unit number, starting block number, 
and offset number, 

10. A method for addressing a configurable redun- 35 
dant array storage system comprising a plurality 

of storage units for storing blocks of data, at least 
one controller coupled to the storage units, and at 
least one central processing unit coupled to the 
controller, comprising the steps of: 40 

a. transmitting a request from the central pro- 
cessing unit to the controller for blocks stored 
in the plurality of storage units, such request 
addressing such blocks by volume number, 
initial block number, and number of blocks to 45 
be transferred; 

b. translating each request into an address for 
the plurality of storage units defined by chan- 
nel number, storage unit number, starting 
block number, and offset number. so 

c. accessing at least one storage unit by the 
translated address. 



1 2. The method of claim 1 1 , further including the step 
of defining within the system at least one logical 
volume having a depth characteristic, the logical 
volume comprising at least one logical storage 
unit. 

13. The method of claim 12,further including the step 
of defining within the system at least one redun- 
dancy group, the redundancy group comprising at 
least one logical volume. 

14. The method of claim 13, wherein each redun- 
dancy group has at least one redundancy level. 

15. The method of claim 14, wherein each redun- 
dancy group has two redundancy levels. 

16. A method for configuring a redundant array stor- 
age system of physical storage units for storing 
blocks of data, comprising the steps of: 

a. defining within the system at least one logi- 
cal storage unit addressable by channel num- 
ber, storage unit number, starting block 
number, and offset number, each logical stor- 
age unit comprising part of a physical storage 
unit; 

b. defining within the system at least logical 
volume comprising at least one logical storage 
unit; 

c. defining within the system at least one 
redundancy group comprising at least one 
logical volume. 



11. A method for configuring a redundant array stor- 
age system comprising a plurality of storage units 55 
for storing blocks of data, comprising the step of 
defining within the system at least one logical 
storage unit addressable by channel number, 
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